A posttranslational protein O-mannosylation process resembling that found in fungi and animals has been reported in the major human pathogen Mycobacterium tuberculosis (Mtb) and related actinobacteria. However, the role and incidence of this process, which is essential in eukaryotes, have never been explored in Mtb. We thus analyzed the impact of interrupting O-mannosylation in the nonpathogenic saprophyte Mycobacterium smegmatis and in the human pathogen Mtb by inactivating the respective putative protein mannosyl transferase genes Msmeg_5447 and Rv1002c. Loss of protein O-mannosylation in both mutant strains was unambiguously demonstrated by efficient mass spectrometry-based glycoproteomics analysis. Unexpectedly, although the M. smegmatis phenotype was unaffected by the lack of manno-proteins, the Mtb mutant had severely impacted growth in vitro and in cellulo associated with a strong attenuation of its pathogenicity in immunocompromised mice. These data are unique in providing evidence of the biological significance of protein O-mannosylation in mycobacteria and demonstrate the crucial contribution of this protein posttranslational modification to Mtb virulence in the host.
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protein glycosylation | O-glycosylation | proteomics W ith more than three deaths per minute, Mycobacterium tuberculosis (Mtb) is still a major public health threat, exacerbated by the emergence of multi-or extensively drug-resistant Mtb strains. This situation reflects the weakness of the therapeutic arsenal and highlights the urgent need for a comprehensive understanding of the determinants of Mtb pathogenicity for alternative therapeutics to fight tuberculosis.
We recently described Mtb manno-proteins as an emerging class of bacterial adhesins that contribute to Mtb infectiousness through binding to host innate-immune system receptors, including lung surfactant protein A (SP-A) (1) and DC-SIGN (2) , which are considered to be the receptors preferentially used by mycobacteria to enter target cells and evade host defense mechanisms (3) . Here, we considered the systemic impact of protein mannosylation on the survival and virulence of Mtb. Indeed the role of the protein glycan chains remains elusive (4), although it has been established that the immunodominant Mtb-secreted alanine and proline-rich antigen (Apa) interacts with the host's lectin receptors through its mannosyl appendages, which indirectly contribute to the colonization and invasion of the host cell. Moreover, changes in the mannosylation pattern of the Mycobacterium bovis bacillus Calmette-Guérin Apa alter its ability to stimulate CD4 + and CD8 + T lymphocyte responses (5, 6 ), contributing to the protective properties of bacillus CalmetteGuérin vaccination against tuberculosis (7) . In addition, glycosylation (most probably O-mannosylation) of the Mtb lipoprotein LpqH modulates its antigenic processing (8) , and glycan decorations of the Mycobacterium leprae lipoprotein LprG have been reported to be indispensable for MHC II-restricted T-cell activation in patients with lepromatous leprosy (9) . However, there are still insufficient data to determine clearly the roles and overall influence of mannosylation of mycobacterial proteins on Mtb physiology and infectiousness.
In eukaryotes, protein O-mannosylation is an essential process catalyzed by membrane-associated protein O-mannosyl transferases (PMTs), which transfer mannose residues from lipid carriers (dolichyl-phosphate) to proteins (10) . An Mtb genome search for sequence homology with the eukaryotic PMTs identified Rv1002c as the unique putative PMT gene (11) . Ectopic expression of Rv1002c in Mycobacterium smegmatis confirmed its mannosyl transferase function and demonstrated that this membrane-associated activity is coupled to the Sec-dependent protein export system, suggesting that O-mannosylation should affect only extracytoplasmic proteins (11) . As for the eukaryote PMTs, Rv1002c is categorized as a gene essential for optimal growth of M. tuberculosis in vitro (12, 13) . This assumption is corroborated by the high conservation of Rv1002c homologs throughout the mycobacterial genus and, in particular, in the M. leprae genome, which is considered as the minimal set of genes essential for mycobacteria survival (14) . On the other hand, PMT knockout mutants of the phylogenetically related Streptomyces coelicolor (15) or Corynebacterium glutamicum (16) are viable and suggest that this posttranslational modification is dispensable in the actinomycetae family. However, because of the proposed similarity of the protein O-mannosylation mechanism in eukaryotes and Mtb, we hypothesized that the conservation in pathogenic mycobacteria of such cell energy-consuming process should result from evolutionary selection of a protein modification required for the parasite to persist in its natural biotope: the infected host. To test this hypothesis we interrupted the putative PMT genes in the nonpathogenic saprophyte M. smegmatis and the human pathogen Mtb, and we verified whether posttranslational O-mannosylation of bacterial proteins is essential for Mtb. Using an efficient and original mass spectrometry-based glycoproteomic approach to tackle the highly challenging molecular analysis of the posttranslational glycosyl protein modifications, we confirmed the interruption of the mannosylation process and analyzed the impact of this interruption on in vitro and ex vivo phenotype and on virulence of Mtb in mice.
Results and Discussion
M. smegmatis Msmeg_5447 Gene Coding for the Putative PMT Is Not
Essential. An in silico search for Mtb Rv1002c gene homologs ( M. smegmatis mc 2 -155 revealed a unique ORF (Msmeg_5447: 1,551 pb) coding for a putative 516-amino acid membrane protein sharing 72% identity and 81% homology over 489 amino acids with the Mtb PMT sequence (Fig. S1A ). An M. smegmatis insertion mutant, ΔM5447, was constructed by disruption of Msmeg_5447 by allelic exchange (Fig. S1 C and D) . Phenotypic analysis of the mutant clearly indicated the dispensability of the putative PMT function for M. smegmatis, which contrasts with the essential nature of PMT in eukaryotes. Indeed, there was no significant difference in growth between the WT and the insertion mutant (ΔM5447) (Fig. 1A) . Similarly, the relative susceptibility of both strains to fluoroquinolone antibiotic (ciprofloxacin) (Fig. 1B) was similar, suggesting that Msmeg_5447 inactivation had little effect on metabolism or cell wall permeability to drugs. In contrast, tolerance to cell wall stress induced by the SDS detergent was slightly reduced in the ΔM5447 mutant in comparison with the WT (Fig. 1C) , which was fully reversed in the complemented mutant strain. The increase in sensitivity to SDS may reflect changes in cell wall organization or composition of the ΔM5447 mutant, weakening its physical and chemical protective properties; however, transmission electron microscopy did not reveal any noticeable differences in the cell wall aspect or cell shape ( Fig. 1 D and E) of the WT and the ΔM5447 mutant.
Evidence for the Putative PMT Function of the Msmeg_5447 Gene Product. In the absence of major phenotypic changes associated with inactivation of Msmeg_5447, we analyzed the mutant and WT secreted proteomes to search for potential alterations in protein glycosylation. Comparative SDS/PAGE analysis ( Fig. 2A) of the culture filtrates revealed a major difference corresponding to the downsizing of an intense protein gel band from 30 to 25 kDa, consistent with a glycosylation defect in the mutant. Complementation of the mutant strain with Msmeg_5447 led to restoration of the original mobility of the gel band at around 30 kDa, thus confirming that this alteration is related to the Msmeg_5447 gene-product deficiency. Proteomic analysis by nanoLC-MS/MS of the in-gel trypsin digest of the corresponding excised gel bands allowed the identification of several peptides attributable to the predicted M. smegmatis fasciclin domain protein (FasC) (Fig. 2B and Table S1 ). A recombinant C-terminal histidine tagged FasC (rFasC) was then constructed for expression in M. smegmatis, followed by further purification for precise structural characterization. Carbohydrate content capillary zone electrophoresis analysis (Fig. 2C ) and α-exo-mannosidase susceptibility study (Fig. 2D) confirmed that the purified rFasC is glycosylated by α-mannose residues exclusively. Mass spectrometry analysis of the rFasC trypsin digest afforded 42% amino acid sequence coverage and determined the location of the glycosylation (up to four hexose residues) on the N-terminal P 30 y 17 RelaƟve Abundance peptide (Fig. 2 E and F, and Tables S1 and S2). Accurate identification of the glycosylated threonine residues was achieved by complementary electron transfer dissociation (ETD) MS/MS analysis (17) . Interestingly, we found, that in the rapid growing saprophyte M. smegmatis, as reported in other mycobacteria, the carbohydrate motifs are not randomly distributed along the four potential hydroxylated amino acid acceptors (Thr 33 Table S3 ) (18) (19) (20) . The identification and the determination of the glycosylation sites of FasC, which is the first ever mannoprotein characterized in M. smegmatis, allowed us to explore the alteration of protein O-mannosylation in the mutant by monitoring specifically the glycosylation status of the FasC P 30-55 peptide by mass spectrometry. Searching for the molecular ions of the FasC P reporter peptide in the ΔM5447 mutant culture filtrate by nanoLC-MS analysis readily revealed the absence of peptide glycosylation (Fig. 2G , Bottom trace), in agreement with the apparent mass reduction of the mutant FasC protein observed by SDS/PAGE ( Fig. 2A) . Interestingly, the glycosylation defect was reversed by complementation with the Msmeg_5447 gene as well as with the Mtb Rv1002c ortholog (Fig. 2H ), providing evidence of functional identity of these genes.
E -P -E -T -T -T -E -A -E -P -T -V -E -I -P -D -P -Q -G -P -G -C -D -D -F -

Initiation and Elongation of the FasC Mannosyl Appendages Requires
Msmeg_5447 PMT and PimE. O-glycosylation in bacteria has been described to proceed either by en bloc transfer (of a lipid-linked oligosaccharide to the protein) or by a stepwise processing initiated by attachment of an initial glycosyl residue to the target serine or threonine and continued by elongation of the oligosaccharide chain by successive glycosylation. By analogy with the eukaryote PMT-mediated process, protein O-mannosylation in Mtb has been considered to proceed according to the latter mechanism (11), which is the exclusive rule for O-glycosylation in eukaryotes. However, the mycobacterial enzymes involved in the elongation process are not known. The oligomannosyl chains of the Mtb proteins have been found elongated through α1-2 interglycosidic linkages (18, 20) , as in the polar phosphatidyl inositol mannosides (PIM6) or the mannose branches of the lipomannan and lipoarabinomannan core (21, 22) . Thus, mutants of the α1-2 mannosyl transferases Msmeg_5149 (pimE) (23) and Msmeg_4247, respectively responsible for the elongation of PIMs and lipoglycans in M. smegmatis, were constructed to verify the possible involvement of these enzymes in the elongation of the FasC mannosyl chain. As revealed by the reporter FasC P 30-55 glycoforms detected by nanoLC-MS in the culture filtrate of the ΔM4247 mutant (Fig. 2G) , disruption of Msmeg_4247 failed to induce any significant modification of the distribution of the reporter glycopeptide, suggesting that this α1-2 mannosyl transferase does not contribute to the elongation of FasC mannosyl chains. In contrast, inactivation of the PimE mannosyl transferase resulted as expected in the loss of the polar PIMs (Fig.  S3B ), but also in the total extinction of the triglycosylated form of the FasC P 30-55 peptide with the presence of trace amounts (<1.5%) of the diglycosylated isoform (Fig. 2G) . This glycosylation defect was reversed by complementation with the Mtb pimE (Rv1159) gene (Fig. 2H) , which confirms the involvement of the Msmeg_5149 mannosyl transferase in the elongation of FasC P 30-55 oligomannosyl appendages and the functional identity between Msmeg_5149 and Rv1159. These results show that, protein mannosylation in M. smegmatis occurs through a stepwise process initiated by the transfer of the primary mannose residue onto protein by the PMT encoded by Msmeg_5447 followed by the elongation of the mannosyl chain through α1-2 linkages by PimE. It is noteworthy that the pleiotropic function of the M. smegmatis PimE evokes the shared glycosylation machinery for glycolipids and glycoproteins reported in the Gram-negative pathogens (24) . However, unlike the Gram-negative bacteria oligosaccharidyl-transferase, which catalyzes the oligosaccharide transfer en bloc from glycolipids to acceptor glycoproteins, PimE catalyzes the stepwise oligomannosyl chain elongation indifferently on manno-proteins and manno-lipids, proving a remarkable relaxed specificity. In contrast, the PMT is protein-specific and unlikely to contribute to the PIM biosynthesis (Fig. S3C) . Absence of Phenotype for the ΔM5447 Mutant Is Not Because of PMT Functional Complementation. To determine whether the absence of a phenotype in the ΔM5447 mutant was a result of the presence of homologous PMT with nonoverlapping target specificity, as seen in eukaryotes, we attempted to evaluate the extent of the extinction of the protein mannosylation process resulting from Msmeg_5447 disruption. This attempt was achieved by implementing a dedicated original nanoLC-MS/MS-based glycopeptidomic strategy to search specifically for glycosylated peptides in a complex proteome digest containing thousands of nonglycosylated peptides. The approach relies on the widely reported observation that collision-induced dissociation (CID) mass spectra of O-glycosylated peptides are dominated by intense fragment ions resulting from loss of the carbohydrates as neutral fragments from the parent ion (25) . An automatic filter was thus designed to extract selectively the CID MS/MS spectra exhibiting such a characteristic signature for the major carbohydrate residue types encountered in mycobacteria [i.e., pentose (arabinose), aminohexose (amino-galactose), and hexose (galactose, glucose, mannose)]. This specific MS/MS data analysis was applied to the secreted proteomes of M. smegmatis WT and mutant strains after protein fractionation by SDS/PAGE into 12 bands and nanoLC-MS/MS analysis of the corresponding trypsin digests. Among more than 2 × 10 5 MS/MS spectra acquired for the WT M. smegmatis secreted proteome, fewer than 2,000 MS/MS spectra corresponding to about 300 precursor ions were selected. The selected spectra exclusively exhibited "hexose loss signatures" suggesting the absence of any other type of protein glycosylation in M. smegmatis; however, only a minor proportion (40) of these spectra could be attributed with confidence to glycopeptides, allowing the characterization of at least 10 M. smegmatis unique glycoproteins experimentally confirmed by mass spectrometry (Table 1) . Interestingly, comparative glycoproteomic analysis of the ΔM5447 mutant confirmed that none of the peptides identified above were found as glycosylated in the mutant, although they were all present in the complemented strain culture filtrate. Taken together, these data provide evidence that O-glycosylation of the M. smegmatis proteins is exclusively dependent on Msmeg_5447 and confirm the dispensability of this process for M. smegmatis, as in other saprophytic actinomycetae (4).
Construction and Phenotype of the Mtb ΔRv1002c Mutant. Because the Mtb PMT mutant has never been reported, we next sought to use the same strategy to analyze the impact of a protein mannosylation defect on the biology of the human pathogen Mtb. The Msmeg_5447 ortholog in Mtb, Rv1002c, was predicted to be essential for Mtb viability, but we succeeded in disrupting it by homologous recombination (Fig. S4) . Although the ΔRv1002c mutant was viable, it had profoundly impaired growth in vitro. The mutant exhibited a slight growth delay in Albumin-DextroseCatalase-enriched 7H9 broth (Fig. 3A) but was almost completely unable to grow in 7H9 supplemented with dextrose only (Fig. 3A,  Inset) . This inability to grow in the absence of supplemented proteins was readily reversed by complementation with the WT gene, demonstrating that inactivation of Rv1002c is the sole cause of the observed phenotype. A severe growth defect was also observed on solid medium. Indeed, compared with the WT or the complemented mutant, the ΔRv1002c mutant showed a 10 3 -fold attenuation in its capacity to form colonies on albuminenriched 7H11 solid medium (Fig. 3B) . Similar diminished ability of Mtb mutants to form colonies on solid medium has been previously attributed to disruption of cell wall integrity, resulting in an increased susceptibility to chaotropic or bacteriostatic agents (such as Malachite green, ordinarily incorporated in solid media for mycobacterial culture) (26) . However, the persistence of the deficiency to form colony on Malachite green-free agar medium (Fig. S5A) , together with the absence of any noticeable increase in sensitivity to SDS or ciprofloxacin (Fig. S5 B and C) , fails to support any functional alteration of cell wall integrity in the ΔRv1002c mutant.
ΔRv1002c Mutant Apa Protein Is Devoid of Mannosylation. We sought to characterize the molecular phenotype of the Mtb ΔRv1002c mutant. Unfortunately, the global glycopeptidomics approach used to verify the interruption of protein O-mannosylation in M. smegmatis could not be used here because of the prohibitive concentration of albumin (2.5 g/L) required in the culture medium for the mutant to grow, which was more than 10-fold the concentration of bacterial proteins (∼100-200 mg/L). Thus, to confirm the abrogation of the protein O-mannosylation process resulting from the Rv1002c disruption, we specifically monitored the glycosylation defects in the reporter protein Apa known to be glycosylated and secreted by Mtb (27, 28) . To this end, the Mtb WT, mutant (ΔRv1002c), and complemented (ΔRv1002c: Rv1002c) mutant culture filtrates were analyzed by shotgun proteomics. Comparative analysis of the Apa peptides identified by nanoLC-MS/MS revealed relatively low interstrain variability in the abundance (estimated from the area under the curve of the selected ion chromatogram) of the individual peptides except for the C-terminal peptides P 278-321 , P 285-321 , and P 287-321 and their monoglycosylated counterparts G 1 P 278-321 , G 1 P 285-321 , and G 1 P 287-321 (Fig. 3C) . The corresponding peptide ion reconstructed chromatograms confirmed that, in the WT and complemented strains, both glycosylated and nonglycosylated forms were observed for the peptides P 278-321 , P 285-321 , and P 287-321 (Fig. 3D) , whereas only the unglycosylated peptides were observed in the mutant strain (Fig. 3D) . Further normalization of the peptide glycoform abundances (relative to the closely eluted prototypic P 174-184 Apa peptide used as internal standard) supported this observation by showing that the mannosylation defect was correlated to a relative increase in the abundances of the unmodified peptides (Fig. 3C, Left) . These results clearly demonstrate that disruption of Rv1002c in Mtb abolishes protein mannosylation, similar to the situation in the model strain M. smegmatis.
Maintenance of the ΔRv1002c Mutant in Macrophages Is Compromised.
We next investigated the impact of the deficiency in Rv1002c-dependent protein O-mannosylation on the interaction of Mtb with the host. The growth defect on solid medium induced by the inactivation of Rv1002c clearly impaired the use of the conventional counting of colony forming units to monitor the intracellular survival of the mutant. Fluorescent Mtb strains were thus generated by expressing the gfp gene from a replicative plasmid in the parental WT, the ΔRv1002c mutant, and the complemented mutant to evaluate the consequences of the inactivation of the Rv1002c gene on the ability of the mutant to infect and proliferate in host cells. Resting cultures of murine alveolar macrophage cell line and primary human monocyte-derived macrophages were infected for 1 h at a multiplicity of infection (MOI) of one bacterium per macrophage. In the murine macrophages, the initial rate of infection is slightly lower for the mutant than for the WT or complemented strains (Fig. 4A) . This finding is consistent with the view that surface-exposed glycoproteins such Apa may act as bacterial adhesins for the phagocyte membrane C-type lectin receptors (1) . However, the absence of similar statistical difference with the human macrophages (Fig. 4C ) not only reveals subtle differences in the impact of the surface manno-proteins on the initial uptake by mouse or human phagocytes, but also suggests that the overall divergence observed between the mutant and the WT intracellular behavior is not formally related to an altered initial capacity of the mutant to interact with the host cell. Indeed, the main difference between the ΔRv1002c mutant and the Mtb WT or complemented mutant strains was the almost total incapacity of the mutant to proliferate within the phagocytes. The Mtb WT strain proliferated in either macrophage cell culture, as shown by both the number of infected macrophages and the bacterial load values, which increased perceptibly as early as 48 h postinfection and had almost doubled at day 7 (Fig. 4) . On the other hand, the number of ΔRv1002c mutant fluorescent cells per infected macrophage remained almost stable, and the number of macrophages infected by the mutant cells declined by about 50% over the 7-d observation period. These findings indicate a possible block in the capacity of the mutant to multiply within the macrophage. This phenotype was nearly completely reversed in the complemented strain, confirming that the functional disruption of the putative PMT encoded by Rv1002c dramatically compromises the mutant ability to survive and multiply in phagocytes.
Virulence of the ΔRv1002c Mutant Is Attenuated in SCID Mice. Given the incapacity of the mutant to proliferate in macrophages, we predicted a severe loss of pathogenicity in vivo, even in the absence of host-acquired immunity. To test this theory, virulence assays were carried out by infecting immunocompromised SCID mice via the intranasal route with 10 3 cells of the Mtb parental WT, the ΔRv1002c mutant, or the complemented mutant. Control mice infected with the virulent WT Mtb strain did not survive for more than 22 d, whereas no death was observed until day 47 (median survival time = 63 d, n = 9) in the mice infected with the mutant strain (Fig. 4E) . By increasing the dose of ΔRv1002c mutant, it was clear that survival time was dependent on the initial bacterial load used to infect the mice (Fig. 4F) Fig. 4E) . This finding clearly confirms that the attenuation of the mutant virulence is related to the inactivation of Rv1002c gene coding for the Mtb PMT.
Conclusion and Future Prospects. Taken together, our findings reveal that although mycobacterial protein O-mannosylation occurs by a similar mechanism to that in eukaryotes (11, 29) , it strongly differs in its biological impact. Unlike in eukaryotes, this process is dispensable, at least in laboratory culture conditions, for nonpathogenic saprophyte and pathogenic parasite mycobacteria. On the other hand, we demonstrate in vivo that interruption of protein O-mannosylation crucially attenuates Mtb virulence in an immunocompromised mouse model. Therefore, we speculate that decorations of the Mtb surface and secreted proteins with α1-2 linked mannobioses mimicking the high mannose branch motifs of the eukaryotic intracellular glycoproteins are not fortuitous and may be crucial for Mtb to establish effectively parasitic relationships with its eukaryotic hosts. Further explorations need to be undertaken to determine the molecular basis (Table S5) were analyzed by one-way Anova tests: *P < 0.05, **P < of the phenotypic alterations of the ΔRv1002c mutant and to decipher the relationships between the interruption of Rv1002c-dependent protein O-mannosylation, the colony-forming deficiency, and the virulence attenuation. Our findings are unique in providing evidence for the crucial influence of mycobacterial protein O-mannosylation on Mtb physiology and virulence, and open the door for the exhaustive exploration of the PMT target proteome and analysis of the roles of mannosylated proteins in tuberculosis pathophysiology. Such holistic consideration of protein O-mannosylation-dependent Mtb persistence and proliferation should provide new perspectives in the search for original strategies to fight tuberculosis.
Materials and Methods
The M. smegmatis Msmeg_5447 and M. tuberculosis Rv1002c mutants (Figs. S1 and S4, and Table S4 ) were complemented with pMV361 derivative carrying an Hyg R cassette and the Msmeg_5447 or Rv1002c genes under the control of the pBlaF* promoter. The FasC Msmeg_5196 gene was fused to a polyhistidine tag within Hyg r -pMIP12 derivative under the control of pBlaF* promoter. M. smegmatis mc 2 155 and M. tuberculosis H37Rv cells were grown for 5-7 d and 20-30 d (OD 600 = 0.5-0.6) (30). Mtb culture mediums were doubly filtred on 0.22-μm membrane and concentrated on Vivaspin 5 kDa. rFasC was purified by FPLC before carbohydrate analysis and α-exomannosidase treatment (1). NanoLC-MS/MS analyses were performed on an Ultimate3000 system (Dionex) coupled to an LTQ-Orbitrap XL or an ETD-enabled LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific), respectively, for CID or ETD experiments. Data analysis and database searches were performed according to journal guidelines using Mascot Daemon against actinobacteria entries in Sprot-Trembl_20090707 database and the in-house developed software MFPaQ v4.0.0 (31, 32) . The detection of peak signatures corresponding to carbohydrate neutral loss in CID MS/MS spectra has been performed using an in-house developed Perl script. Human peripheral blood mononuclear cells (hPBMC) were prepared from nontuberculous control donor blood (33) . hPBMC and murine macrophages (34) were infected by GFP-mycobacteria at a MOI = 1 for 1 h at 37°C. Cells collected at 0, 24, 96 h, and 7 d were fixed with paraformaldehyde and green fluorescent intracellular mycobacteria were quantified by fluorescence microscopy (Table S5) . Animal studies were approved by the Comité d'Ethique Midi-Pyrénées and conducted according the Centre National de la Recherche Scientifique housing and care guidelines for laboratory animals. Groups of nine female SCID mice were infected intranasally with 10
